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ABSTRACT 
GARCIA, KRYSTINE, M.S., December 2015, Biomedical Engineering  
Bioinformatics Pipeline for Improving Identification of Modified Proteins by Neutral 
Loss Peak Filtering 
Director of Thesis: Lonnie Welch 
 Research has found that the central dogma of molecular biology is much more 
complex than making a gene into mRNA and then protein. One way that this has been 
found to be true is in post-translational modification (PTM) of proteins. PTMs are 
changes to specific side chains of amino acids after translation from mRNA. 
Unfortunately, only a few have been carefully studied meaning that most are not well 
understood. In turn, this has created problems for current methods of protein 
identification. Tandem mass spectrometry (MS/MS) is one common method of protein 
isolation and fragmentation that is usually followed by computational analysis for protein 
and peptide identification. The output from MS/MS is a spectrum of ion mass-to-charge 
ratios (m/z) versus their intensity, or a peak list, which is fed into the identification 
software for analysis. While these programs are generally good at identification, they 
were not created to incorporate large numbers of modifications. The problem is that 
spectra can include significant amounts of noise from modifications that can mask the y- 
and b- ion peaks used for identification. This has caused preprocessing to become both 
prevalent and necessary for identification of modified proteins. Through preprocessing 
and filtering of peaks from MS/MS data, we have enhanced the identification of proteins 
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with modifications and specific phenotypes, presenting scientists with a more powerful 
tool for their protein research.  
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CHAPTER 1: INTRODUCTION 
1.1 Background 
The general flow of the central dogma of molecular biology starts with a gene, 
which is then transcribed into an mRNA molecule and finally translated into a single 
protein. Recent studies though, have found that the pathway from a gene to a functional 
protein is significantly more complex. For example, once translated from mRNA, 
proteins often undergo post-translational modifications (PTMs) that differentiate a single 
protein for multiple functions. These modifications are changes to specific side chains of 
amino acids that affect the way a protein will function in a biological pathway.  
 High throughput technology has allowed for a vast increase in information about 
PTMs, but there is still much that is unknown. Due to the availability and ease of 
manipulation of various proteins and modifications, significantly more is known about 
certain modifications, such as ubiquitination and phosphorylation as compared to other 
types [14]. All experimentally identified modifications can be categorized into one of 
three groups: 1) known, 2) proposed, or 3) undescribed [13]. The category a modification 
falls into can greatly affect the way in which a protein is analyzed, and when studying 
novel proteins, this can hinder the identification of proteins by analysis software.  
 There are various types of protein identification software that take input based on 
the type of instrument and separation that was performed. A widely used method of 
separation and isolation is tandem mass spectrometry. Tandem mass spectrometry 
(MS/MS) involves isolation of a specific parent ion, which is then fragmented into 
smaller peptides [7]. More commonly used approach for protein identification and PTM 
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characterization is the bottom-up proteomics approach where the proteins are first 
digested by an enzyme and the resulting peptides are then analyzed by liquid 
chromatography-tandem mass spectrometry. The output from MS/MS is a spectrum of 
each fragments mass-to-charge ratio (m/z) versus intensity, which can also be 
downloaded into a peak list. 
1.2 Current Methods 
The most common method of analysis for tandem mass spectra is to search the 
m/z peaks against a database with predicted fragmentation peak values [1]. Some of the 
top programs for performing protein identification analysis on MS/MS data are Mascot 
[1], Sequest [3], OMSSA [4] and X!Tandem [7]. Though all similar, each has its own 
benefits and weaknesses. These programs are described below.  
1.2.1 Mascot 
 Mascot utilizes a probability based scoring algorithm, meaning that the sample is 
scored based on the probability that a match between the peak list and the fragmentation 
database is random [2]. The lower the probability that a match is random, the higher the 
identification score. This program is probably one of the most widely used ones because 
it is easy to use and takes in other data formats besides MS/MS peak lists. There is also 
the option to submit either fixed or variable modifications into the search but the program 
is not designed to feasibly incorporate more than 4 modifications without the score 
plummeting drastically [2]. The modifications that are entered as fixed are always 
considered to definitely be present, and if not, it drastically decreases the identification 
score. While variable modifications are more flexible, a penalty is given for having to 
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search all the possible peak combinations. Since the program already does a large amount 
of statistical analysis and prediction, the designers decided not to utilize the limited 
amount of already known PTM data from databases when doing peptide matching [2]. 
1.2.2 Sequest 
 Sequest uses a scoring algorithm similar to that of Mascot in that it is based on the 
probability of a match being random [3]. Sequest works well for samples that have a 
large mix of proteins. Sequest and Mascot are often compared to each other because of 
how similar they are. Sequest also allows for modifications to be entered, though it too 
penalizes the identification score based on the modifications submitted [3]. There is also 
no filtering for neutral losses modifications and weak peaks, just as in Mascot.  
1.2.3 OMSSA 
 OMSSA stands for Open Mass Spectrometry Search Algorithm. This tool is 
offered through the National Center for Biotechnology Information (NCBI) and is 
available only as an executable for download [4]. Just as Mascot and Sequest do, it 
produces a probability-based score. It reads in a spectrum and can perform noise filtering 
as a part of the analysis. The noise filtering has four steps including deleting weak peaks, 
precursor ion peaks, non-monoisotopic peaks and sections of peaks that are cluttered [4]. 
It can also account for fixed and variable modifications but again, at a price. Since the 
program is available as an executable, it seems that there would constantly be updates 
and new versions of improvements to download but a new version has not been released 
in 5 years due to the availability of funding, causing hesitation as to whether or not the 
current version is as reliable as accurate as it could be.  
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1.2.4 X!Tandem 
 While less used, X!Tandem is a modified version of the program Tandem [7]. It 
too performs identification through probability based scoring though little other 
documentation is available for it. Unlike the other programs, which have user friendly 
GUIs that can be easily accessed, X!Tandem runs through command line. This is more 
difficult for users such as biologists to work with which may be one of the reasons it is 
less often utilized. 
As described, most programs do not allow for peptides that have been modified, 
meaning that identification of proteins from the mass spectrum is calculated based on the 
idea that the proteins are unmodified and most of the time, this is not the case. This has 
left a substantial gap in the research that scientists and analysts are continuously trying to 
find ways to fill. 
1.3 Purpose 
The reason that most programs do not fully allocate for PTMs is that there is no 
universal algorithm that encompasses all possible matches for each protein/modification 
combination [8]. The program would be too slow to process all of that information, and 
as stated earlier, not all modifications are well recorded. Aside from this, programs 
generally use fragments that correspond to only y- and b- ion peaks for identification 
because they correspond to fragmentation in between amino acids and are often the most 
intense. However, research has shown that y- and b- ions can comprise as little as 5% of 
the peaks in the list with up to 80% of the peaks being what is generally considered as 
noise [11]. Noisy peaks are those that are generated from unusual fragmentation, such as 
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that of modified peptides, neutral losses, or are very weak in the level of intensity. For 
example, under CID conditions, peptides modified by hexoses produce intense neutral 
loss peaks, which only indicate the presence of the modification but not peptide sequence 
information. Neutral losses are those that are stable and neutral in charge on their own. 
With all of these variables, it is a wonder that identification software can make a 
significant prediction in the first place. 
 While identification of unmodified or well-known proteins can produce 
significant identification and prediction scores, science has seen a decrease in confidence 
of published protein research due to modifications. The Journal of Proteome Research 
actually had to publish a note to scientists stating that they had noticed that low 
identification scores were being accepted because the Mascot ion score was still higher 
than the identity score [10]. This had been a measure of validation for many years but 
was shown to be giving a false increase in confidence because the scores being compared 
were both incredible low [10]. Because of this, the journal announced that they were 
going to be stricter about the significance of individual scoring values and identification. 
Though this applies to both modified and unmodified proteins, the level of accuracy and 
prediction scoring is significantly lower for modified proteins [12].  
 In order to increase the significance of identification and scoring in protein 
identification by current tools, analysts began filtering and cleaning up, or preprocessing, 
the peak lists before running through the identification software. With so many noisy 
peaks present in a spectrum from MS/MS, preprocessing has become even more 
necessary. Ding, et al. [8] emphasized the need for denoising programs that perform 
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preprocessing on spectra especially for those that include proteins with a larger amount of 
modifications.  
1.4 Objectives 
Through preprocessing of MS/MS peak lists, we predict that we will be able to 
increase the identification score and accuracy of modified peptides. First the peaks from 
neutral losses will be deleted. Second, any peaks that are within the calculated threshold 
will be deleted as well. The resulting file from each filtering step will be run through 
Mascot to compare results. From this, the goal of the completed pipeline is to accurately 
identify modified peptides from proteins from CID tandem mass spectra in the processed 
commercial milk product tested and other samples in the future. 
The results from our preprocessing pipeline were validated in several ways. The 
first was to compare the identification scores from each filtering step to those of the 
previous steps to ensure that the identification score is in fact increasing. The second 
method was to compare the mass spectra from before and after all filtering steps to ensure 
that all the neutral loss peaks were properly removed. Finally, the MS/MS spectra of 
several peptides proposed by Mascot as Hex-modified were manually analyzed to ensure 
Mascot is using the correct peaks and peptides for identification.   
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CHAPTER 2: MATERIALS AND METHODS 
2.1 Sample Preparation 
The samples used were commercial milk products (German market, University of 
Leipzig). Each one was either lactose-free pasteurized milk (PLF), ultra high temperature 
treated milk (UHT), lactose-free ultra high temperature treated milk (ULF), or infant 
formula (IF). From each of these samples, all proteins were isolated and digested, along 
with enrichment of the modified peptides. The sample preparation is described in detail 
by S. Milkovska-Stamenova and R. Hoffmann in their paper in the Journal of Proteomics 
[15] but is summarized below. Figure 1 shows a flowchart of the sample at each step. 
 
 
Figure 1. Flow of sample preparation. The white boxes represent what is isolated from 
the sample after each step in sample preparation along with shoing the various types of 
output detected by the mass spectrometer from the sample.  
 
First, the proteins were isolated by precipitation. Methanol (375µL) was added to 
50µL of the milk sample. Then, 750µL of chloroform was added to the solution and 
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shaken for 1hour at 4oC. Next, 625µL of cold water was added and the solution was then 
centrifuged for 10 minutes at 10,000rpm. The aqueous organic phase was removed and 
the sample centrifuged for another 10 minutes. Again the organic phase was removed. 
The pellet at the bottom of the tube was dried by vacuum, and then a lysis buffer was 
added to dissolve the protein pellet. To quantify the sample, a colorimetric Bradford 
assay with BSA as standard was used, followed by SDS-PAGE. The proteins were 
stained using Coomassie Brilliant Blue G 250. Visualization of the protein bands was 
done using Gel DocTM EZ Imager and ImageLab from Bio-Rad.  
Next, the proteins were digested into peptide fragments by the enzyme trypsin. A 
250µg sample of protein was diluted in ammonium bicarbonate buffer to achieve a 
1mg/mL solution. DTT, a reducing agent, was added to the solution, which was 
incubated at 37oC and then left to cool to room temperature. The alkylating agent IAA 
was added next, followed by 5µg of the enzyme trypsin. The sample was incubated 
overnight at 37oC to allow the enzyme to digest the proteins. The following day, formic 
acid was used to halt the digestion.  
Solid phase extraction was used to desalt the digested samples. The stationary 
phase was first washed with methanol and then with aqueous formic acid. The sample 
was loaded into the column and washed with aqueous formic acid. The peptides were 
eluted from the column and dried under vacuum.  
Finally, the peptides were enriched by boronate affinity chromatography. The 
column was packed with m-aminophenylboronic acid-agrose and washed with 13.5mL of 
loading buffer. The dried, digested samples from above were dissolved in aqueous 
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acetonitrile then diluted with 400µL of the loading buffer. This solution was then loaded 
into the column. Before elution, loading buffer was added to the column as a wash. The 
glycated peptides were eluted first at 0.1mol/L and then at 0.2mol/L acetic acid. The 
sample was placed in a -80oC freezer, lyophilized, and then dissolved in a solution of 
aqueous acetonitrile and formic acid. As described above, solid phase extraction was used 
to desalt the peptides before they were dried under vacuum. The peptides were again 
dissolved in a solution of aqueous acetonitrile and aqueous formic acid.   
2.2 Instrumentation 
The instrument used is an LTQ Orbitrap XL ETD (electron transfer dissociation) 
mass spectrometer, Figure 2. The analysis performed is nRPC-ESI-MS/MS (CID mode). 
This means that the peptides are first separated by reversed-phase chromatography, and 
then analyzed by electrospray ionization tandem mass spectrometry. CID stands for 
collision induced dissociation, a technique used for fragmentation of the peptides to aid in 
analysis.  
 
Figure 2. Instrumentation overview of the LTQ Orbitrap XL from Planet Orbitrap15 
 
The desalted peptides were inserted into the instrument and first separated by 
nano-acquity UPLC. The peptides were trapped at a flow rate of 10µL/min and then 
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separated in the column at a flow rate of 0.4µL/min. The peptides were eluted from the 
column in two step gradients (3% eluent B to 30% eluent B in 18minutes and then 30% 
to 80% eluent B in 1 min). The column flows directly into the LTQ Orbitrap XL ETD 
through the ESI source with a transfer capillary temperature of 200oC and a 1.5kV ion 
spray voltage. The mass spectra were recorded for m/z 400-2000 at 60,000 resolution (at 
m/z 400). The CID tandem mass spectra were acquired using data dependent acquisition 
for the six most intense peptide signals. The molecules identified and graphed by the 
mass spectrometer include radical ions, ions with modifications, and modifications that 
have been lost during the fragmentation and separation process, as shown in Figure 1, 
from which the goal of this program was to remove those related to modifications. The 
MS data were collected using Xcalibur software version 2.0.7. 
2.3 Computing Process 
 This pipeline has been created to perform preprocessing and filtering of mass 
spectrometry peak lists. As stated previously, the mass spectrometer detects multiple 
types of molecules and peptides that may pass through the instrument, including peptide 
ions, modified peptides, and losses of modifications. Currently, this program focuses on 
removing peaks directly associated with neutral charge modification losses, allowing the 
peptide ions to show more prominently. The components of the pipeline are explained 
below.  
2.3.1 mgfHunter 
 ModFilter runs in tandem with a program (mgfHunter), created in Dr. Ralf 
Hoffmann’s lab at the University of Leipzig BBZ, which has not been released to the 
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public. This program reads the spectra file in .mgf format, searches for precursor ions that 
have the desired modification peaks in corresponding MS/MS spectra and creates a 
filtered .mgf peak list file, which contains only the MS/MS spectra from precursors with 
matched modification peaks. A log file in .csv format was also created to store key 
information gathered during the processing procedure. The program created by the 
University of Leipzig along with ModFilter will likely be published in tandem to be used 
as a single package for preprocessing of peptide peak lists (in .mgf format), before being 
sent to protein identification software packages such as Mascot. The pipeline of 
ModFilter is shown is Figure 3.  
 
 
Figure 3. Flowchart of ModFilter program 
 
2.3.2 Run ModFilter 
RunModFilter reads the peak list file created in mgfHunter and parses it. It also 
takes the csv file from mgfHunter, which contains the neutral loss peak information, but 
instead of parsing it directly, the whole file is sent to LogReader.  RunModFilter calls to 
EditDict to do the filtering of the neutral loss peaks. The final, filtered peak list is 
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returned to RunModFilter, which then writes it to a new mgf file to create a modified 
peak list. 
 The input of RunModFilter is a peak list in MGF format, a CSV file, which is a 
log of the neutral losses and ions and the name of the new or existing file that the user 
would like the program to write the new peak list to.  
 First, the original peak list is read into the program. A software package provided 
by Pyteomics is used to parse the mgf file into the header section, the peak m/z, and the 
peak intensity. These lists can then be used for further analysis. The peak m/z and 
intensity lists are combined in a seeded dictionary with Scan ID of the ion and the m/z as 
keys for the intensity value.  
 The CSV file is sent to LogReader, and a seeded dictionary of the neutral loss 
peaks and corresponding information is returned. The peak list dictionary and the neutral 
loss dictionary are then sent to EditDict for comparison. Another dictionary is returned of 
the original peak list without the neutral loss peaks. The new list, with all its ion 
information, is written to the new peak list file. This continues until the peak list for every 
ion in the original file has been filtered.  
2.3.3 LogReader 
 This part of the program parses the csv log file from the user and stores the data. 
LogReader returns a seeded dictionary with the neutral losses and their corresponding ion 
information to RunModFilter. The input of LogReader is the csv log file that is output 
from mgfHunter. The parsing is created for this file format.  
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 The input file is read in line by line. All of the special characters in the line are 
removed and then the line is split by commas, which is typical for a csv formatted file. 
Each of the items in the line are stored separately and given a variable identification for 
later use. The neutral loss and ion information are then stored in a seeded dictionary with 
the scan ID and the specific neutral loss m/z peak value as keys. The dictionary of peaks 
and corresponding data are returned to RunModFilter for further analysis.  
2.3.4 EditDict 
 EditDict compares the full peak list for an ion to the neutral loss peaks extracted 
from the csv log file. Since those are already identified neutral loss peaks, they are 
identified in the full peak list and removed. EditDict also calls to the Tolerance program 
to calculate a tolerance range. This tolerance range is used to identify any other peaks that 
might also be associated with the neutral loss but were not identified in mgfHunter. The 
filtered peak list is stored in a dictionary and returned to RunModFilter.  
 EditDict has two input parameters. The first is the dictionary created from the full 
peak list with the ion scan ID, each peaks m/z and the intensity. The second is the 
dictionary created from LogReader which includes the ion scan ID, specific peptide data 
and neutral loss data.  
 First, all the peaks in the dictionary, created in LogReader, are stored in a list 
called blacklist. This is a reference for removing any peaks that have already been 
identified as neutral loss peaks. Then, the neutral loss peak data is isolated and sent to the 
Tolerance function. This is done for the neutral loss charge given and every charge below 
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it; e.g., if the charge given is +4, the tolerance range is calculated for charges 4, 3, 2, and 
1. 
 Once the tolerance range is calculated for each charge, the full peak list dictionary 
is searched peak by peak, first to see if the peak is in the blacklist and second to check if 
it is within the tolerance range. If it is in either of these, the peak is removed. Any peaks 
that are not in either are stored in a new dictionary with the peak m/z as the key and the 
intensity value corresponding to it. This final peak list is returned to RunModFilter.   
2.3.5 Tolerance 
The tolerance calculates a left and right threshold for a tolerance range. This 
function is called in EditDict. It returns a list with the left and right threshold values.  
The input of the Tolerance function is the mass of the neutral loss being analyzed, 
the charge of the neutral loss and the mass of the peptide. These values are extracted from 
the neutral loss dictionary in EditDict and stored for use in this function.  
First the possible peptide m/z is calculated using the following equation, where 
pepmass is the mass of the peptide, NLchg is the neutral loss charge, and NLmass is the 
mass of the neutral loss.  
 !! = !!"!#$%% + !"#ℎ! + !"#$%%!"#ℎ!  (1) 
  
From the m/z calculated in the previous equation, the left (TL) and right (TR) 
threshold are calculated. The default tolerance value used is 0.8 Da but this can be 
changed at the user’s discretion.  
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 !" = !! − 0.8 (2) 
 !  
 !" = !! + 0.8 (3) 
 
 The left and right thresholds are then stored in a list, which is returned to 
EditDict.  
2.4 Hardware & Packages 
This was written and tested on a Lenovo computer. The computer runs Windows 
7 and works on an Intel i7 core processor. The program was also tested on a Macbook 
running OS X Yosemite on an Intel Core i5 processor as well as a Lenovo Thinkpad i3 
with Ubuntu linux 15.04 64 bit..  
 A number of packages were installed and utilized for analysis and processing. The 
code was written and run using Canopy 1.4.1 (Python 2.7 64 bit) and Python 3.4 - 64 bit. 
Canopy allows for simplified search and installation of packages designed to work with 
Python. The ones installed for the purpose of this program were Pyteomics 2.1.5-1, 
Pandas 0.15.1-1, and NumPy 1.8.1-3. In order to run mgfHunter though, the program that 
precedes ModFilter in the pipeline, two other packages had to be installed; Qt (4.8.5-10), 
and PySide (1.2.2-1).  
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CHAPTER 3: EXPERIMENTAL DESIGN 
3.1 Sample Data 
There were 4 different types of commercial milk products used. The PLF and 
ULF milk products each had one test sample. There were two UHT milk samples, each of 
which had two test samples created and run from it. There were also two IF milk samples, 
each of which had two test samples made from it. There were 10 total test samples used 
for testing and validation. 
  Each of these milk samples had previously identified modifications that could be 
tested for and visualized in the mass spectrum. The data files were collected directly from 
the LTQ Orbitrap XL ETD measurements. The raw spectra from the instruments were 
converted to .mgf format by MSconvert program from ProteoWizard software package 
(version 3.0.4388), which were then input into mgfHunter to begin preprocessing of the 
file, followed by ModFilter. The functionality and success of the program was based on 
the correct identification and removal of these neutral loss peaks from the mass spectrum. 
The testing process is described below.  
3.2 Testing Process 
From Dr. Hoffmann’s lab at the University of Leipzig BBZ, the following data 
files were received; the original mgf peak list produced by the mass spectrometer and a 
list of neutral losses to be identified and removed. The list of neutral losses included the 
name and/or molecular formula, the mass of the loss, and whether it was a key loss or 
optional loss. The peak list was run through Mascot before pre-processing and filtering in 
order to obtain a Mascot output for which to base the validity of our method.  
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From the list of neutral losses, two files were created. The first was a compilation 
of the neutral losses with the mass, the key or optional tag, the charge, the retention time 
window, and a given score. The scores were determined based on the number of key and 
optional losses, so that the key losses all had the same score, the optional losses all had 
the same score, and the sum of all optional scores was never above the score of a single 
key loss. The various key and optional loss combinations were predicted and the scores 
of the combinations calculated. These score combinations were then organized into 
another document that could be easily referenced. These documents are used for 
identification of neutral loss peaks in the peak list by mgfHunter.  
Using the files listed above, the original peak list was then run through mgfHunter 
as described previously. The resulting peak list was then run through Mascot. Before 
moving forward, the Mascot files were compared to the Mascot output from the original 
file in order to validate that the mgfHunter parameters were optimal for identifying all the 
peptides with neutral losses. Once the optimal parameters had been identified and run 
using mgfHunter, the new peak list was run through ModFilter in order to remove the 
neutral loss peaks from the list. The resulting peak list from ModFilter was also analyzed 
by Mascot.  
The Mascot program allows the user to enter search parameters along with the 
input peak list file. The peak files were in Mascot generic file (mgf) format. The database 
used to query the peak list was SwissProt. Since trypsin digest was used on the sample, 
that was the enzyme selected allowing for up to 3 missed cleavages. Four modifications 
were selected: carbamidomethyl (C), hex (K), hex (R), and oxidation (M). These were 
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selected because they are four modifications that were being searched for and since the 
modifications are assumed, they were entered into the variable modification box. Any 
more than four tends to exponentially decrease the identification as stated previously. The 
peptide tolerance was set to 10ppm and the MS/MS tolerance to 0.8Da. The instrument 
selected was ESI-FTICR because it most closely resembles the search parameters for the 
orbitrap instrument used. Charges 2+, 3+ and 4+ were selected because these are the most 
abundant charges for the ESI-FTIRC.  
Before comparing, all the Mascot files were duplicated and then filtered to 
remove any results not from Bos taurus and those that did not have either of the hex 
modifications identified. This was done to narrow the search and validation of the results 
since these samples were well studied.  All three peak lists were combined into one file 
and compared in order to validate the pipeline. 
3.3 Validation 
Several step were taken throughout the pipeline to validate the process. After 
mgfHunter was run, the Mascot output from that peak list and the original peak list were 
compared. Since mgfHunter only extracted the ions with the modifications in them, the 
number of queries (MS/MS spectra) should have dropped to between 50-70% of the 
original because this is approximately how many ions should have the desired losses for 
each file. If more or less queries were made by Mascot, after mgfHunter, then the 
parameters were not considered ideal and mgfHunter was run again with different 
parameters. After numerous parameter tests, it was found that the “best” setting utilized 
all neutral losses of charges 2-5, in scoring combinations of 2 or 3 key losses (out of 4) 
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with 1-4 optional losses (out of 4). Another validation comparison of Mascot files 
between the original and the mgfHunter filtered was to ensure that the scores of the 
peptides had not yet changed, either increasing or decreasing.  
 Once the parameters and output for mgfHunter had been validated, ModFilter 
could be run along with Mascot on the resulting ModFilter peak list. The removal of the 
neutral losses could be validated with the use of SeeMS, a program that visualizes MS 
spectra in various formats, including .mgf) from ProteoWizard software package (version 
3.0.4388). The original peak list and the ModFilter peak list could both be reconverted 
into spectra, to visualize the actual removal of the peaks associated with neutral losses 
instead of attempting to identify the peaks within the peak list.  
After ensuring the neutral loss peaks were removed with the help of SeeMS, all of 
the Mascot peptide lists could be compared. The altered Mascot results, containing only 
the peptides from Bos taurus with hex modifications, from each of the three peak lists 
were combined into a single file and sorted according to peptide sequence. The peptide 
sequences were then grouped together if they had the same sequence, modification type, 
modification position, and expected m/z resulting in groups of with one peptide from each 
of the three Mascot files in each group. The scores of the peptides within the group were 
then compared. It was predicted that the score would not change between the original and 
the mgfHunter peak list, but would increase after filtering and removal of the neutral 
losses with ModFilter.  
 After each level of filtering the Mascot output files and peak lists were sent to our 
collaborators in Dr. Ralf Hoffmann’s lab at the University of Leipzig BBZ. The peak 
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lists, Mascot output files, neutral loss lists and mass spectra from SeeMS were analyzed 
for validity and accuracy of ions filtered and peaks removed. Whenever the wrong peaks 
were removed or the neutral losses not removed, the code was reassessed and altered to 
fix the issue. Each time the code was altered, the data was rerun in that program and in 
Mascot. The resulting files were again sent to Leipzig for validation. 
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CHAPTER 4: RESULTS 
Each of the peak lists from before and after filtering were visualized using SeeMS 
in order to identify which peaks were removed and if they were the correct ones. For 
some spectra, as in Figure 4, the removal of the neutral loss peaks allowed the graph to 
focus around the peaks that originally appeared to be less abundant. The scaling between 
Figure 4a and Figure 4b is decreased by 75%. As shown, the circled peak of 315.27 
appears as a less intense peak in the top image where the larger peaks show intensities in 
the thousands. However, when the neutral loss peaks are removed and the image is 
magnified, it can be seen that this peak is actually one of the more intense peaks 
corresponding to the ion.  
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Figure 4. Scaling changes when neutral loss peaks are removed. (a) The spectra for an IF 
sample before filtering. The neutral loss peaks are indicated with arrows. (b) The spectra 
after neutral loss filtering. The one peak is circled to emphasize the change in scale.  
  
For other spectra, the neutral loss peaks were not necessarily some of the more 
intense peaks so the removal of the peaks is less obvious when comparing the spectra 
from before and after filtering. This can be observed in Figure 5, where one of the neutral 
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losses was clearly observed as being removed but the other two peaks appeared less 
intensely.  
 
 
Figure 5. Removal of less intense neutral loss peaks is more difficult to visualize. (a) 
Spectra for UHT sample. The larger neutral loss peaks to be removed are indicated with 
red arrows. (b) Spectra after neutral loss filtering showing where the neutral loss peaks 
are no longer present.  
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The neutral losses were calculated by hand and verified as removed by comparing 
the spectra from before and after filtering. While not all the samples had the same neutral 
losses present to remove, they all showed removal of some losses and in turn, changes in 
the score of the identified peptides. Any peptide that was identified both before and after 
filtering was isolated and the scores compared. Figure 6 shows the number of peptides for 
each sample that either increased, in score, decreased in score, or did not change. The 
percentage of each of these numbers within the total for that sample can be viewed in 
Figure 7. The peptides that increased in score showed an overall average of 25.1% 
increase. However it has to be mentioned that all the peptides proposed to be hex-
modified by Mascot including peptides with low scores were counterd as identified 
without manual confirmation of all MS/MS spectra/ 
 
 
Figure 6. Count of peptides whose scores increased, decreased, or did not change. 
0!
5!
10!
15!
20!
25!
30!
35!
40!
45!
50!
IF3!
Lac1!
IF3!
Lac2!
IF4!
Lac1!
IF4!
Lac2!
UHT2!
Lac1!
UHT2!
Lac2!
UHT3!
Lac1!
UHT3!
Lac2!
PLF1!
CE35!
ULF1!
CE35!
N
um
be
r'o
f'P
ep
,d
es
'
increase!
decrease!
no!change!
  35 
   
 
Figure 7. Peptide score change distribution. Percentage of peptides with increased, 
decreased or stagnant scores from before and after filtering with ModFilter.  
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CHAPTER 5: DISCUSSION & CONCLUSION 
5.1 Filtering of Peaks 
Through visualization of the tandem mass spectra, it can be observed how 
removal of the neutral loss peaks through filtering and preprocessing allows for more 
confident identification of peptides by Mascot. The neutral loss peak removal performed 
as expected in that it removed the peaks calculated to be related to neutral losses from the 
peak lists. In some cases, this meant the removal of only a few of the most intense peaks 
as in Figure 5. In other cases, such as Figure 4, the majority of the more intense peaks 
were all related to neutral losses so that when removed, the y- and b- ion peaks were 
more prominent.  
From further evaluation of the tandem mass spectra both before and after filtering, 
and the Mascot peptide identification lists, it appears as though the spectra with more 
intense neutral loss peaks to remove resulted in peptides increasing in score. Whereas, the 
MS/MS spectra where only one or two neutral loss peaks were initially more intense, the 
number of peptides with increased score was closer to the number of peptides with 
decreased score. This is likely because the abundant number of neutral loss peaks, such as 
those present in Figure 3a, were being identified as noise by Mascot. Therefore, when the 
peaks were removed, Mascot was better able to identify the abundant and significant y- 
and b- ion peaks to more accurately identify the peptides present. 
5.2 Changes in Peptide Scores 
After filtering of neutral loss peaks, the increase in peptide scores observed 
enhances the confidence of identification by the scientist, and programs such as Mascot. 
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The majority of peptides showed an average of a 25.1% increase in score as compared to 
before filtering. Although, it was hypothesized that filtering of the neutral losses would 
increase the score of all modified peptides, we see that was not the case. There was one 
infant formula sample that resulted in only 36% of the peptides increasing in score and 
one UHT sample also had a peptide not change score at all.  
After further analysis, it was found that some of the peptides with decreased 
scores all had peaks that were incorrectly identified by Mascot. These peptides showed 
that Mascot had incorrectly identified some of the neutral loss peaks as y- or b- ion peaks 
and used them in identification. Upon removal of the peaks, Mascot was unable to 
identify a peak in a location it felt there should be one and therefore assigned a lower 
score to the peptide. One example is given in Figure 8 where the circled peaks are all 
attributed to neutral losses, but as observed in Table 1, were assigned to y- ion peaks.  
 
 
Figure 8. Zoomed CID mass spectrum highlighting peptide that decreased in score. The 
mass spectrum shows the peaks before filtering with the neutral loss peaks, misidentified 
by Mascot, circled. 
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After filtering, the score drops from 28 to 12 and Table 2 shows that these peaks 
were no longer identified by Mascot (only the peaks highlighted in red were identified 
and used by Mascot). This lower score though is actually a more accurate scoring 
assignment since the neutral loss peaks should not have been used as y- and b- ion peaks. 
Therefore, the lower score, at the current moment, is acceptable since it was more 
accurately calculated. However, confident identification of the modified peptides should 
rely on additional manual interpretation of the corresponding tandem mass spectra.  
 
Table 1. Peptide sequence with predicted y- and b- ion peaks before filtering. The red 
values are the ones that were actually used by Mascot to identify the peptide. The larger 
numbers are those associated also with neutral losses. 
 
 
Table 2. Peptide sequence with predicted y- and b- ion peaks after filtering. The red 
values are the ones that were actually used by Mascot to identify the peptide. The larger 
numbers are those associated also with neutral losses. 
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5.3 Conclusion 
Though there is still room to further improve the identification of modified 
peptides, ModFilter in conjunction with mgfHunter provides a level of filtering and 
preprocessing that has not been performed before in order to enhance protein 
identification by Mascot.  Most programs available today allow the user to study either 
one specific type of modification, or limit the user to only a few modifications before 
accuracy and significance of identification plummet. With our pipeline, the user can 
check for, and remove a greater number of modifications before running their sample 
through any of the widely available protein identification software packages.  
 Our goal, to increase the accuracy in identification of post-translationally 
modified proteins in order to expand the understanding of PTMs and proteins in general, 
has led us to create ModFilter. This is the first step toward using PTMs to better 
understand the human body, and hopefully, the role these modifications play in everyday 
function and diseases. The use of this pipeline in conjunction with already available 
identification software, presents scientists with a more powerful tool for their proteomics 
research.  
5.4 Future Works 
 This program is only the first step in a continuously growing pipeline to improve 
identification and analysis of post-translationally modified proteins. Dr. Hoffmann’s lab, 
in collaboration with the Bioinformatics Lab at Ohio University will continue to expand 
the features and abilities of this pipeline. The first step is to identify all the reasons that 
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the peptides, which decreased in score, did so. This will likely need to be both 
computationally and manually identified and verified. It is also the goal of the project, to 
remove other “noisy” peaks, such as those related to other types of modifications and to 
significantly weaker peaks. With continued additions and updates, this program will be 
able to analyze various types of samples and improve the way proteins are studied, and 
hopefully improve protein research for diseases.   
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